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Abstract 

Measurements and estimations of soil water content are essential information in many different 

fields, however, methods for deriving such data are often limited due to scale/spatial resolution, 

cost and time efficiency, or the presence of a vegetation cover. This thesis examined the 

relationship between airborne gamma-ray spectrometry (AGRS) data and soil water content in 

forested areas. In addition, it assessed the feasibility of using AGRS data to predict relative soil 

moisture for forestry related applications. The study utilized topography-based models, data 

based on aerial photography, and point soil moisture measurements, which through statistical 

approaches were assessed for their relationships to the AGRS data in eleven different study 

areas located in Sweden. The analyses indicated statistically significant correlations, of weak to 

moderate strengths, between the AGRS data and the proxy data for soil water content. Also, all 

analyses indicated that the data from the channels related to potassium-40 decay events (γK) 

exhibited the strongest relationship to the soil water content proxies. Furthermore, considering 

the contributing area of an AGRS measurement and also the results obtained in this study, it is 

suggested that the AGRS data would work better as a predictor of soil moisture regimes on an 

intermediate to large scale, compared to a smaller scale. At last, although there were limitations 

to the data used as proxies for soil water content, the analyses suggested that the AGRS data on 

its own might not be a strong predictor of relative spatial variation in soil moisture. It may 

however, hold information useful as ancillary data in other methods, as well as hold individual 

data points usable for indicating wet areas. 
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1 Introduction 

Soil moisture is a key factor controlling several land surface processes and is recognized as an 

important variable in many different fields (Yu et al. 2001; Weihermüller et al. 2007; 

Petropoulos 2014). In forestry, spatial hydrological information is an essential variable for many 

processes and practices, such as, plant growth, fire risk assessment, and logging operations 

(Denmead & Shaw 1962; Malevsky-Malevich et al. 2008; Álvarez et al. 2013; Chaparro et al. 

2016; Lang et al. 2016). For plant growth, water availability is one of the main limiting factors 

(Denmead & Shaw 1962; Nilsson & Wiklund 1992; Álvarez et al. 2013), which make soil 

moisture crucial information for, e.g., site suitability assessments (Wang 2000; Hyvönen et al. 

2003). The spatial distribution of soil moisture is also highly important information when 

considering, and planning for mitigating measures of, the environmental issues related to 

practical forestry (Ågren et al. 2014). Harvesting operations conducted under wet site 

conditions might increase the magnitude of soil altercation and degradation, altering flow paths, 

increasing soil erosion, and affecting soil porosity and hydraulic conductivity (Ampoorter et al. 

2007; Passauer et al. 2013; Lang et al. 2016). Such disturbances may have a number of different 

environmental implications (Kozlowski 1999; Garcia & Carignan 2000; Munthe & Hultberg 

2004; Teepe et al. 2004; Bishop et al. 2009). 

There are several methods for measuring or estimating spatial variation in soil water content. 

One approach is to construct models where spatial information regarding terrain indices, as e.g. 

topography, is used as input. An example of such is the TOPMODEL concept (Beven & Kirkby 

1979), which is a rainfall-runoff model that has been the basis of models for inferring soil 

moisture content (Burt & Butcher 1986; Western et al. 1999; Sørensen et al. 2006). Recently, 

following the emerge of airborne Lidar-scanning, high-resolution topographic data has become 

more common and therefore increasingly assessed for its application as soil moisture estimator 

on the watershed scale (Tenenbaum et al. 2006; Murphy et al. 2009; White et al. 2012; Ågren et 

al. 2014; Oltean et al. 2016). For forestry related application, the depth-to-water (DTW) index 

has been assessed for its usability when mitigating against damages related to rutting and also 

as a variable to use in site productivity assessments (White et al. 2012; Oltean et al. 2016).  

Soil moisture content and its spatial variation can also be measured directly or in-directly 

utilizing physical processes affected by soil water content. On a smaller scale, in situ, there are 

methods as the gravimetric method, time-domain reflectometry (TDR) and frequency-domain 

techniques (FD) (Petropoulos 2014). On a larger scale, averages of an area, or soil moisture 

regimes, can be estimated in the field based on indicator plant species (Salmela et al. 2001). 

However, these methods are not cost-effective when applied over a large extent (Grasty 1997; 

Hyvönen et al. 2003). Remote sensing can offer methods for conducting soil moisture 

measurements over large extents while keeping the other scale components, spacing and 

support (Blöschl & Sivapalan 1995), at scales sufficient for many applications (Hyvönen et al. 

2003; Weihermüller et al. 2007; Wang & Qu 2009). Common methods include optical remote 

sensing, thermal infrared remote sensing, and passive and active microwave remote sensing 

(Wang & Qu 2009). Although there are many techniques, utilizing different parts of the 

electromagnetic spectrum, a limitation for existing methods is that they become less functional 

in areas where there is a dense vegetation cover present (Ulaby et al. 1996; Nichols et al. 2011; 

Petropoulos et al. 2015). 

Airborne gamma-ray spectrometry (AGRS) is a remote sensing technique less sensitive to 

presence of vegetation, which makes it interesting for application in the forestry field (Hyvönen 

et al. 2003). Inferring soil moisture from the difference in measured gamma (γ) radiation flux 
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from two consecutive AGRS surveys has been shown to be a viable method for mapping both soil 

moisture content and snow water equivalent (SWE) (Peck et al. 1971; Nikiforov et al. 1980; 

Carroll 1981; Carroll 2001). Also, a relationship of decreasing γ-ray flux with increasing soil 

moisture content has been observed in AGRS data from single base-line surveys (Grasty 1997; 

Hyvönen et al. 2003). 

This thesis project has been done in collaboration with the Forestry Research Institute of 

Sweden (Skogforsk), who has expressed interest in examining the relationship between AGRS 

data and soil moisture. In Swedish forestry, the DTW-index (Murphy et al. 2007) have been used 

for mapping wet areas as a part of the measures of mitigation applied for reducing land damages 

caused by heavy machinery (Friberg & Bergkvist 2016). A report from Skogforsk (Friberg & 

Bergkvist 2016) showed that the DTW-index could explain 82 % of the severe rutting damages 

and 36 % of the less severe rutting damages; the latter group made up 99.94 % of the total 

amount of rutting damages. As the forestry industry aims to further decrease the amount of land 

damages, and hence wants to improve the prediction of areas prone to land damages, other 

methods, or ancillary data, could be valuable contributions to existing measures of mitigation. In 

addition to forestry, this research is also of interest to a range of disciplines where soil moisture 

data is essential information. 

1.1 Purpose of the study 
This study aims at gaining increased knowledge about the relationship between AGRS data and 

soil moisture. A further object is to assess the use of AGRS data for making soil moisture 

estimations, and in addition assess the feasibility of such application within the field of forestry. 

To accomplish this, statistical approaches will be used to examine relationships, and to examine 

to which degree the spatial variation of soil moisture content in forested areas can be predicted 

by AGRS data. Due to the limitations of AGRS data from a single base-line survey, the aim is not 

to assess the possibility of making accurate soil moisture estimations, but rather to assess the 

possibility of making relative estimations of the spatial variation. To address these issues, the 

central scientific questions for this thesis were formulated as: 

 What are the relationships between soil moisture and AGRS data from a single base-line 

survey, in forested areas? 

 

 What is the feasibility of using single base-line AGRS data for estimating relative soil 

moisture, and if so, at what scale? In addition, what is the feasibility of using such 

method in the field of forestry? 
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2 Theoretical background and study area 

2.1 Airborne gamma-ray spectrometry 

2.1.1 Natural radioelements surveyed using AGRS 

The physical phenomenon forming the basis for AGRS is the generation of γ-radiation at a 

characteristic energy level during the decay event of a specific radioelement. This gives that, 

based on the amount of detected γ-ray photons (i.e., γ decay events) within a particular energy 

window, it will be possible to estimate the quantity of a specific radioelement present in the 

source (Minty 1997; IAEA 2003; Gilmore 2008). 

The radioelements usually measured with AGRS are 40K, 238U and 232Th. These are also the major 

contributors of terrestrial background radiation (Minty 1997; Sengupta et al. 2014). They are, 

however, not the only naturally occurring radioactive materials (NORM) but, with the exception 

of the 7Be decay series, the decay series of 40K, 232Th, and 238U are the only which produce gamma 

radiation at the right energy levels and with enough intensity to be measured through AGRS 

(IAEA 2003; Gilmore 2008). Out of these, 40K is the only radioisotope which decay event 

produces the actual photons measured for estimating the concentration of the radioelement in 

the source. Concentrations of 238U and 232Th are estimated through measuring γ-radiation 

stemming from the decay events of, respectively, 214Bi and 208Tl (Grasty & Minty 1995). The 

latter (214Bi and 208Tl) are daughter products of the former isotopes (238U and 232Th). 

Furthermore, the original radioisotope is assumed to be in equilibrium with decay products 

further down in its decay chain. Therefore, uranium and thorium concentrations, estimated 

through AGRS, can be referred to as equivalent uranium (eU) and equivalent thorium (eTh). 

However, there can be occurrences of disequilibrium, mainly in the U decay series, which can 

cause error in the estimations of U (IAEA 2003). 

2.1.2 Interaction of γ-radiation with matter 

The degree of attenuation of γ-radiation when interacting with matter is dependent on the 

energy level of the radiation, the atomic number of the elements in the absorbing material, the 

density of the absorbing material and the thickness of the absorbing material (Gilmore 2008). 

These factors constitute an attenuation coefficient which is a measure of to which degree an 

absorber reduces the intensity of radiation at a certain energy level (Gilmore 2008). Assuming 

collimated beams and a homogenous material, this is an exponential relationship described by 

the formula: 

      
    

where   is the linear attenuation coefficient for a specific material at a specific energy level of γ, 

and   is the thickness of the absorbing material.    is the initial unattenuated energy (Gilmore 

2008; Beamish 2013). The larger the atomic number and the density of the material is, the larger 

the attenuation coefficient will be. Since the linear attenuation coefficient is dependent on 

density, a mass attenuation coefficient (  ) can be used, defined as:        , where density is 

denoted as   (Beamish 2013). The attenuating effect of a material can also be expressed as the 

half-thickness of a material, which is defined as the distance at which the radiation is reduced to 

half of its original intensity. For example, air, water, and concrete has, at a photon energy level of 

1.46 MeV, half-thickness values of 102 m, 0.118 m, and 0.053 m, respectively (Minty 1997). 

γ-radiation interacts with matter through mainly three processes: photoelectric absorption (also 

known as the photoelectric effect), Compton scattering, and pair production (Minty 1997). To a 

lesser extent gamma radiation also interacts with matter through coherent scattering (Rayleigh 
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and Thomson scattering) and nuclear fissions (Gilmore 2008). Most often, the process of 

absorption and attenuation of γ-rays is a chain of Compton scattering events until the photon 

reaches a low-energy state and interact with matter through photoelectric absorption (IAEA 

2003).    

2.1.3 Interaction of γ-radiation with materials encountered in AGRS 

Compton scattering is the dominant process that affects the radiation measured in AGRS due to 

the energy range observed and materials that is usually encountered (Minty 1997; IAEA 2003). 

The Compton scattering process is essentially a direct contact between a γ-ray photon and an 

electron, which results in a part of the photon’s energy being transferred as kinetic energy to the 

electron, and a change in direction of the photon (Minty 1997; Gilmore 2008). This means that 

the linear attenuation coefficient is mainly depending on the amount of electrons per volumetric 

unit when mapping natural radioelements (Beamish 2013).  Løvborg (1984) argued that this 

implies that the mass attenuation coefficient for a material is equal to the ratio of protons to the 

total amount of nucleons (Z/A). Since all elements with a Z between 0 and 30 have 

approximately a Z/A ratio of 0.5 except for hydrogen which Z/A ratio is 1, the mass attenuation 

coefficient will be comparable for all those elements except for hydrogen (Løvborg 1984). The 

elements that constitute the major part of most soils have a Z between 0 and 30. Therefore, bulk 

density will determine the attenuating effect on γ-radiation in a dry soil (Beamish 2014). 

According to different papers (Grasty 1976; Grasty & Minty 1995; Cook et al. 1996; IAEA 2003), 

there is an almost linear relationship between soil moisture and γ-radiation meaning that, e.g., 

an increase in volumetric water content by 10 % will decrease the γ-ray intensity measured 

above ground by the same amount.  

However, Beamish (2013) argues differently, based on earlier literature (Løvborg 1984; Grasty 

1997), from the standpoint that soil is not one homogenous matter but consists of three 

different parts which are solid, water and air (Beamish 2013). Therefore the linear attenuation 

coefficient ( ) will be replaced by the coefficients for the different parts multiplied by the 

fraction of the soil that it constitutes and then added together. Furthermore, because of the 

absence of neutrons (Z/A = 1) in hydrogen, the electron content of water is 1.11 times larger 

than for most constituents in a soil, which will add additional attenuation (Løvborg 1984; 

Beamish 2013). Altogether, this means that the attenuation caused by a given level of saturation 

will vary as a function of soil bulk density and porosity. For example, low porosity mineral soils 

are much less sensitive to saturation compared to high porosity peat soils (Beamish 2013). How 

level of saturation, porosity and soil bulk density affects the attenuation in a vertically 

homogenous soil is shown in figure 1b.  
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Figure 1. The left hand figure (a) shows how the linear attenuation coefficient varies as a function of the soils density, 
porosity and saturation. The right hand figure (b) shows how level of saturation affect the attenuation depending on soil 
type and porosity. Figure source: Beamish, 2014. 

In figure 1a, the γ (1.46 MeV) attenuation curve for soils of different characteristics is given. 

Often the soil depth from where the γ-radiation efflux is attenuated by 90 % (tenth-value layer) 

when reaching the surface is given as a reference level for the attenuation in a soil (Carroll 1981; 

Beamish 2013). From figure 1a, it can be seen that for a mineral soil with a bulk density of 1.6 

g/cm3 (20% saturation and 20% porosity) the 90 % threshold is at a depth of 33 cm and for the 

drier peat (20 % saturation) that threshold will extend to a depth of several meters (Beamish 

2013). 

Moreover, presence of vegetation will also affect the γ-ray flux reaching the detector. According 

to Schwarz et al. (1997), somewhere between 5 % and 25 % of the γ-radiation in a Swiss forest 

is attenuated when measured over a forest, compared to when no, or a low level of, vegetation is 

present. The authors also states that the degree of the attenuation depends on the density of the 

biomass. Ahl and Beiber (2010) studied the effect of vegetation on AGRS measurements in 

Austria and stated that the attenuation due to vegetation for 40K, eTh, eU was 22 %, 20 %, and 24 

%, respectively.  A study done in Australia (Aspin & Bierwirth 1997) reported a reduction of 20 

%, 14 %, and 13 % in 40K, eTh and eU, respectively, when cleared land was compared to dense 

pine forest. Beamish (2015), on the other hand, found no evidence for attenuation of the γ-ray 

flux being related to the presence of forested areas, in a study conducted in South West England. 

Furthermore, presence of a forest can also have an effect of larger attenuation at angles further 

from the nadir angle of the detector and creating an collimating effect on the radiation (IAEA 

2003; Ahl & Bieber 2010). 

2.1.4 Basics - Instrument and system design 

Airborne surveys of natural radioelements usually utilize a detector consisting of a scintillating 

material, often a thallium-doped sodium iodide crystal, which scintillates, i.e., produces a flash of 

light, when interacting with a γ-ray photon (IAEA 2003; Gilmore 2008). The scintillating crystal 

is connected to a photomultiplier that converts the flash into electrical signals. The amplitude of 

the output pulse of the signals is proportional to the energy of the incident γ-ray photon that 

interacted with the crystal (Minty 1997; IAEA 2003). 
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To estimate the concentration of a radioelement in a source the spectrometer is counting the 

detected decay events, i.e., photons absorbed by the detector, over a given time period. The rate 

of the detection is assumed to be proportional to the amount of radioactive atoms present in the 

source (Gilmore 2008). Furthermore, the decay of an individual atom is a stochastic process that 

occurs completely independently of decay events in its surrounding atoms, which gives that 

decay events in a radioactive material occurs at non-regular time intervals. However, for a large 

amount of a specific radioelement there is a characteristic time-rate of decay. This is an 

exponential decay relationship, and is usually expressed in the unit half-life, which is the time it 

takes for half of the atoms to decay (Minty 1997). This means that the counting time needs to be 

long enough to ensure a statistically significant result (IAEA 2003). Also, it means that the 

counting time must be adapted after the level of radioactivity in the source. Therefore, since 

NORM exhibits a relatively low level of activity, AGRS measurements require relatively long 

counting times (Peck 1992; Gilmore 2008). 

Most modern gamma-ray spectrometers records 

energies up to 3 MeV, in 256 different channels 

(Grasty & Minty 1995; IAEA 2003). This creates an 

output γ-ray spectrum, usually visualized with the 

number of counts, i.e., number of detected photons, 

on the y-axis, and channel on the x-axis (see figure 

2). The spectrum is affected by the properties of the 

detector, foremost the energy resolution, detector 

efficiency, directional sensitivity, and dead time 

(Minty 1997; IAEA 2003). The energy resolution is 

how precisely the spectrometer can differentiate 

between γ-ray photons of different energy levels 

and is often defined as the full width of a photopeak 

at half the maximum amplitude (FWHM). The 

detector efficiency is the ability of the detector to 

absorb and, hence, detect the incident γ-ray photon. 

The directional sensitivity is the efficiency of the 

detector depending on the incident angle of the γ-

ray photon.  Dead time is the time it takes to process 

an individual photon, which is important since it 

affects the total count time.  

2.1.5 Source-detector geometry 

As described in the section above the output γ-ray spectrum is affected by the properties of the 

detector. Although, when considering the whole process from decay event to spectrometer 

output, it is a complex function of the different types of interactions between the γ-rays and 

matter occurring in the source, with matter between the source and the detector, and in the 

detector itself (Minty 1997; IAEA 2003). In AGRS this would be in the soil, the ground 

overburden (if present), vegetation (if present), in the air, and in the detector. These interactions 

results in a output γ-ray spectrum consisting of a Compton continuum which is a build-up of 

detected photons that have lost part of its initial energy due to one or multiple Compton 

scattering events, along with photopeaks which stem from detected photons that have retained 

their original energy (see figure 2) (Minty 1997).  

Furthermore, since the emission of γ-radiation from a source is isotropic, the terrestrial γ-

radiation reaching a detector above ground could theoretically stem from a field of view close to 

180˚, assuming a flat ground and an unshielded detector. However, due to the effect of the 

Figure 2. The figure shows a typical γ-ray 
spectrum from a AGRS measurement. 
Figure source: Ford et al. (2008). 
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thickness of the absorber on the linear attenuation coefficient, γ-radiation originating from 

locations farther away from the detector are more likely to be attenuated (see figure 3, 4 and 6) 

(Minty 1997; Kock & Samuelsson 2011). In figure 4 the grey and white colored ring shaped areas 

correspond to areas on the ground from where a fraction of 0.1 of the total detected photon flux 

originates from if the survey height is 30 m.  

  
However, this relationship (figure 4) is only true for a stationary detector. The detector in AGRS 

is moving forward at speeds usually around 50 – 60 m/s, if mounted in a fixed-wing aircraft 

(IAEA 2003). Thus, the real contributing area will have the shape of an ellipse (Beamish 2014) 

which elongation in the direction of the flight path will be a function of the aircraft speed and 

counting time of the detector. 

2.2 Representing topographic controls on moisture 

distributions: Topographic  indices 
A topographic index is a type of terrain index that builds on the assumption that the key 

hydrological processes are controlled by topography (Western et al. 1999). Most topographic 

indices, including the TOPMODEL concept developed by Beven and Kirkby (1979), also assumes 

steady state conditions which implies that soil moisture at one location always is affected by 

lateral flow from upslope contributing areas (Seibert et al. 2003). 

The main input to topographic indices is the digital elevation model (DEM) which is used for 

deriving key information such as flow accumulation and catchment delimitations. How the DEM 

will represent spatial processes depends on the degree of generalization, i.e., spatial resolution, 

and also on the spatial range within which the specific process operates (Vaze et al. 2010). The 

spatial range of a hydrological process might vary depending on the characteristics of the 

landscape (Vaze et al. 2010; Ågren et al. 2014; Oltean et al. 2016).   

Also affecting the outcome of the calculation of topographic indices is the method for deciding 

the flow direction. The simplest and mostly used (Buchanan et al. 2014) method for calculating 

flow direction is the D8-algorithm, which directs all of the flow into the neighboring cell with the 

steepest gradient seen from the source cell (Tarboton 1997). According to Zinko et al. (2005) 

this could be problematic since the steepest gradient may fall somewhere in between the eight 

Figure 3. The source-detector geometry affecting the 
intensity of the γ -radiation measured at the detector 
(P). μ is the linear attenuation coefficient and r is 
distance. Figure source: Minty (1997), © Common-
wealth of Australia (Geoscience Australia) 2016. 

Figure 4. Each ring-shaped area contribute with a fraction of 0.1 
to the total photon flux at the detector, if the energy level is 1.46 
MeV, and the detector is located at a height of 30 m. Theoretically 
the outermost area extends towards infinity. The figure is based 
on figure 6 (Kock & Samuelsson, 2011), and the sizes of the areas 
here are approximate. 
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possible directions. This can be solved by using multidirectional flow algorithms which portions 

the flow into different directions (Wolock & McCabe Jr 1995; Tarboton 1997). 

Moreover, topographic indices will be limited in their ability to explain the variance in soil 

moisture. Western et al. (1999) states that three factors limit the terrain indices: the spatial 

variation of soil moisture include random components which are not predictable in detail. 

Secondly, the indices do not represent all processes affecting the spatial soil moisture pattern, 

and at last, the indices are static and therefore not taking into account temporal variation of 

spatial and distribution patterns. 

2.2.1 Topographic wetness index (TWI) 

The TWI, developed by Beven and Kirkby (1979), is a widely used index that is based on the 

assumption of topographic control of hydrological processes (Hjerdt et al. 2004; Grabs et al. 

2009). The index is intended to represent subsurface hydraulic conditions by combining upslope 

contribution area and the local gradient. Hence, TWI values will be higher for converging terrain 

with a low gradient and the opposite for diverging terrain with a high gradient (Schmidt & 

Persson 2003). TWI is calculated as:            , where    is the upslope contributing area per 

unit contour length and      is the local slope (Zinko et al. 2005). In practice the formula may 

be changed to                      since the first cell at the border of the watershed is not 

counted. 

Most empirical assessments of the relationship between TWI and soil moisture has been done 

on a small scale and has showed a wide range of correlation strengths (Burt & Butcher 1986; 

Jordan 1994; Western et al. 1999; Schmidt & Persson 2003; Tague et al. 2010; Buchanan et al. 

2014). In a study by Western et al. (1999) the TWI explained up to 42 % of the variance in soil 

moisture and according to same author that percentage seldom exceed 50 % in the literature. 

However, some recent studies using LiDAR derived DEM’s have presented r2 values larger than 

0.5 (Schmidt & Persson 2003; Tague et al. 2010; Buchanan et al. 2014). However, it should not 

be assumed that finer spatial resolution equals better abilities to predict soil moisture. A study 

by Ågren et al. (2014), conducted in a boreal landscape, indicated that TWI calculated from a 2m 

DEM was not as good as a predictor of soil wetness as TWI’s calculated from resampled (original 

cell size: 2 m) 24 m and 50 m DEM’s. According to Wolock and Price (1994) the water table may 

be smoother than the surface topography and therefore better predicted using a coarser DEM, 

although water table level is not necessarily a reliable estimator of soil moisture (Price 1997). 

2.2.2 Depth to water index (DTW) 

The DTW-index, proposed by Murphy et al. (2007), is a topography based hydrological model 

that represents the elevation difference along a least cost path between a cell and the nearest 
open water feature or modelled stream flow channel. The depth to water index is based on 

calculations of flow accumulation but differs from the TWI as cells with a flow accumulation 

value larger than a given threshold will be defined as stream flow channels. Then a least cost 

path, where the cost is the accumulated gradient, is calculated from each cell to the nearest 

stream flow channel. This is calculated according to the following formula (Murphy et al. 2011): 

           
   
   

      

where dz divided by dx is the slope of the cell and   is the distance across the cell i.e. if the least 

cost path traverses across the cell in one of the four directions of the grid lines,   is equal to the 

cell size, and if the path cross the cell diagonal   is equal to                       . The cell size 
is denoted as   . 
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Murphy et al. (2011) compared the TWI and DTW-index to soil drainage, vegetation classes of 

different soil moisture content, and soil type. The results indicated that the DTW-index to a 

larger degree than the TWI, explained the variation within the different variables. The DTW-

index has also been shown to be usable for, or improve, mapping of wet areas (White et al. 2012; 

Ågren et al. 2014). 

Studies on the optimal threshold value for representing soil moisture have indicated different 

results: 4 ha (Murphy et al. 2011), 0.5 – 5 ha (Ågren et al. 2014) and 2 ha (Oltean et al. 2016). 

The optimal threshold value also shows spatial and temporal variation due to differences in 

topography, pedology and the relationship between precipitation and evaporation (Murphy et 

al. 2011; Ågren et al. 2014; Oltean et al. 2016).  

2.3 Former research on soil water content estimations using 

AGRS 
Earlier studies have shown AGRS to be useful for estimations of soil water content (Nikiforov et 

al. 1980; Carroll 1981; Peck 1992) as well as snow water equivalent (SWE) (Dahl & Ødegaard 

1970; Peck et al. 1971; Nikiforov et al. 1980; Peck et al. 1980; Bergström & Brandt 1985; Carroll 

2001). The procedures for estimations of SWE and soil moisture includes a base-line mapping 

followed by a second AGRS survey, where the difference in attenuation is attributed to a change 

in snow cover or soil water content (Carroll 1981; Carroll 2001). The AGRS based method for 

measuring SWE is a technique that has been operational since the 1970’s (Peck et al. 1971) and 

still is today (NOHRSC 2015). Although, the method is limited to make estimations up to 

approximately a SWE of 60 cm, above which the attenuation of γ is too large and the counting 

time of fixed-wing AGRS too low (Dahl & Ødegaard 1970; Endrestøl 1980). The method for soil 

moisture estimation suggested by Carroll (1981) and Peck (1992) differs from the SWE-method 

since it includes ground measurements of soil moisture simultaneously with the AGRS base-line 

mapping. Since concentrations of radioelements in the ground are relatively stable over time, 

both base-line and ground measurements are only needed once (Carroll 1981). However, the 

method is limited to estimate soil moisture in the top decimeters of the soil due to the 

attenuating effect soils of on the above ground γ-ray flux as shown in figure 1a (Grasty 1976; 

Loijens 1980). 

Studies considering the use of AGRS data from a single base-line survey for estimation soil 

moisture are not common (Beamish 2013). Although, the relationship between attenuation of 

AGRS data and soil moisture patterns have been examined. Results from a study by Grasty 

(1997), conducted in Ontario, Canada, showed a progressive increase in the γK and γeTh rates 

from spring to summer. According to the author, this could be explained by a decrease in soil 

moisture. The study also showed that γeU levels increased over the same period. According to 

Grasty (1997) that was an effect of increasing emanation of radon (222Rn), which increases with 

soil water content. A significant negative correlation between  γK and γeTh, and soil moisture 

content was also found in a study conducted in northern Finland (Hyvönen et al. 2003). The 

authors also stated that the main variation in γK measured within the study area was due to 

variation in soil moisture. Furthermore, Beamish (2013) described how different soil types and 

rock would affect attenuation of γ-radiation differently, and it was suggested that low count 

areas within areas of homogenous soil types could be attributed to an increase in water content. 

Later studies by the same author has also attributed intra-peat variations in γ-radiation to 

variations in soil moisture (Beamish 2014, 2015), and has found areas of high attenuation to 

coincidence with seasonally wet soils (Beamish 2015). 
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2.4 Study areas 
For the analyses of this thesis, study areas 

located in Sweden were chosen based on 

following criteria: First, the areas needed to 

be forested since an aim of the study was to 

examine the possibility of utilizing AGRS data 

as a proxy for soil moisture in forested soil. 

Second, the study areas were purposefully 

chosen to be located not too close to each 

other to avoid any kind of spatial 

autocorrelation that could affect the analyses. 

Third, related to the previous criteria, the 

study areas were spread out latitude-wise to 

represent different regions of Sweden in 

terms of climate and to some degree 

biogeography. Finally, at first it was intended 

to include different soil types and bed rock, 

however the majority of areas was 

discovered to consist of glacial till when the 

non-forested areas was excluded. Regarding 

the Geological Survey of Sweden’s bedrock 

classification, it is partly based on the AGRS 

data and it is not clear how the soil is related 

to the underlying bedrock due to glacial 

dispersion.  

 

In total eleven different study areas were chosen (figure 5). Ideally, there would have been more 

study areas but for the analyses “regression of AGRS data on topographic indices” there had to 

be a trade-off with the practical limits of the study. For the two other types of analyses done, the 

number of study areas was limited by data availability. Moreover, the major part of the study 

areas consisted of boreal coniferous forest and mixed forest, along with minor elements of 

broadleaf forest. Finally, in some of the study areas more than one type of analysis was 

performed, however, the spatial extent for the different analyses done in these areas might not 

have coincided completely.  

 

 

 

 

 

 

Figure 5. The thesis was conducted using data from eleven 
different sites distributed over Sweden. 
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3 Data and Methods 

3.1 General outline of the methods section 
The methods section consists of a pre-study followed by the analyses making up the main study. 

A pre-study was needed due to the lack of literature (except for Kock & Samuelsson (2011) who 

presented a method for comparing terrestrial γ-ray measurements to airborne measurements) 

on how to take into account for the contributing area of the γ-ray flux when using the AGRS data 

in a GIS operation. In addition, options for the calculation of the topographic indices were also 

examined in the pre-study. The results from the pre-study gave support for decisions regarding 

the calculation and post processing of the topographic indices in the main analyses. 

The main study of this thesis consists of three parts containing separate analyses conducted for 

answering the research questions. Each of these parts utilized a different set of data, here used 

as proxies for soil water content, that were assessed for their relationships to the AGRS data. 

3.2 Data and programs 
Programs - GIS-operations and visualizations were performed in the program ArcGIS 10.3.1. 

Statistical calculations and visualizations were performed in the programs MATLAB 9.0, IBM 

SPSS Statistics 23, and JMP 12. 

AGRS data - The AGRS surveys were started by the Geological Survey of Sweden (SGU) in 1968 

with the intention to map possible uranium deposits, and has since then been used for other 

purposes such as mapping of bedrock type. The data used in this study, has been collected using 

6 – 16 litres thallium-doped sodium iodide (NaI) crystals mounted to a fixed wing aircraft (Kock 

& Samuelsson 2011; SGU 2015). The measurements have been carried out along flight lines 

separated by approximately 200 meters, and the mean-along flight line sampling spacing has 

been 40 meters. For data sampled after 1994 the mean-along flight line sampling spacing have 

been 16 meters. The nominal flight height was 30 m for surveys conducted up to and including 

the year 1994, while surveys done after that have had a nominal flight height of 60 m. The 

aircraft speed has been approximately 69 m/s for the surveys (SGU 2015). For statistics on the 

AGRS data from each study area, see Appendix A and B. 

The spectrometer has routinely been calibrated by taking measurements over concrete slabs 

with known concentrations of the radioisotopes 40K, 232Th, and 238U (SGU 2015). Furthermore, 

the data have been corrected for background and cosmic radiation, and also stripping ratios has 

been calculated, which is a correction for the detected γ-radiation in the 40K, eTh, and eU 

windows that do not originate from a decay event of a radionuclide related to one of those 

respective windows (IAEA 2003; Kock & Samuelsson 2011; SGU 2015).  

Digital elevation model (DEM) - The DEM’s are in this study used as the basis for the 

topographic indices, and comes from the Land Survey of Sweden (Lantmäteriet). It is generated 

from Lidar data and has a spatial resolution of 2 m. For the analyses using DEM’s with a cell size 

of 25 m, those were generated by resampling the 2 m DEM using bilinear interpolation. For 

specific statistics on the topographic indices for each study area, see Appendix A. 

Vegetation data - The soil moisture proxy used in the analysis of variance tests was vegetation 
data from the Land Survey of Sweden, which consists of vegetation classes that have been sub-

classified into soil water content classes (See Appendix B for the classes included in this study). 

These data are limited to certain parts of Sweden and are based on interpretation of aerial 

photographs. The accuracy of the data has been estimated to between 70 and 90 %, for some 
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classes over 90 %, and the smallest mapped units are in the range of 1 ha to 3 ha and 20 – 50 

meters wide (Lantmäteriet 2009).  

Point soil moisture measurements - The point soil measurement data was collected for a 

paper by Lyon et al. (2010) and consists of 100 samples measured within an area of 

approximately 3 – 4 km2. For each sampling location soil moisture data was measured in both 

the organic layer and the mineral layer, and each data value is an average from five 

measurements (Lyon et al. 2010). 

Other data - Other data used in the study was historic records of precipitation from The 

Swedish Meteorological and Hydrological Institute. Those data were used for assessing possible 

effects of precipitation on the AGRS data, in those cases exact survey date could be acquired 

from SGU. 

Land cover data from the Land Survey of Sweden were used to extract the AGRS data that were 

located over forested areas. Finally, soil depth data and a DEM, also from the Land Survey of 

Sweden was used for examining possible confounding factors. 

3.3 Pre-study: Examining the effect of topographic index 

calculation settings and usage of focal mean  
When using remotely sensed data for inference of phenomenon or relationships on the ground it 

is paramount to consider the geometrical origin, or the contributing area of the radiation, as well 

as the behavior on the same spatial scale of the phenomenon to be monitored or examined. Soil 

water content can vary significantly within the spatial extent contributing to a AGRS 

measurement (Nyberg 1996; Weihermüller et al. 2007). Furthermore, the γ photon flux that 

reaches the detector declines with distance between its origin and the instrument as described 

in section “Source-detector geometry” (figure 6). Hence, soil water content has less effect on the 

AGRS measurement with increasing distance from the instrument. This need to be considered 

when choosing how to represent the topographic index for examination of its correlation to the 

AGRS data.  

For exact consideration of aforementioned physical behavior of the γ-radiation an inverse 

distance weighted function was used by Kock & Samuelsson (2011) for comparing ground based 

γ-ray spectrometry measurements to AGRS measurements. Other than that literature, no other 

studies were found using γ-data taking into account the cumulative photon flux. In this study the 

ArcGIS tool Focal Statistics was used to calculate a focal mean. This is a less advanced method 

than what is used by Kock & Samuelsson (2011)  as such it will to a lesser degree take into 

account the non-linearity of the cumulative photon fluence (figure 6). To test this method, DTW-

index maps and TWI maps in the study areas Kalix and Växjö were processed using different 

focal means, and thereafter used in a linear regression analysis with the AGRS data. The 

assumption was that the settings of the focal mean reflecting the cumulative photon flux would 

yield a stronger correlation between the topographic-index raster and the AGRS data. 
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Figure 6. A modified figure from Kock & Samuelsson (2011) is shown to the left and the original is shown to the right. The 
figure shows the cumulative photon flux of an AGRS measurement at the survey heights of 30 m and 60 m. The figure is 
here modified to show how a focal mean represents the cumulative photon flux. The larger the difference is between the 
slope of the cumulative photon flux line and the slope of the focal mean line at a common x-value, the more the focal 
mean misrepresents the cumulative photon flux at the specific x-value. Also note that the cumulative photon flux curve is 
a logistic curve, which means that the linear focal mean will at a majority of times under- or overestimate the fraction 
that an area contributes with to the total measurement.  

Using a DTW-index raster with a spatial resolution of 2 m as input, focal means ranging from 30 

up to 200 meters were calculated for the regression analyses. This was repeated for both a DTW-

index map and a TWI map with spatial resolutions of 25 m, for which focal means ranging from 3 

up to 13 cells were calculated.  

Also tested at the same time was the effect of different threshold values when calculating a 

DTW-index. Threshold values of 1 and 4 ha were tested since both are considered optimal for 

representing soil water content according to the literature (Murphy et al. 2011; Ågren et al. 

2014). However, it is difficult to draw any further conclusions from the result more than which 

yields the strongest correlation to the AGRS data since the optimal threshold values for 

representing soil moisture also depends on the characteristics of the topography in the area, 

which is not taken into account here. Moreover, the representation of soil water content is also 

affected by the spatial resolution of the DEM used as input for the calculation of the topographic 

indices (Murphy et al. 2011; Ågren et al. 2014). Therefore, the 2 m DEM was not used as input 

for calculation of the TWI as it, according to Ågren et al. (2014), is not representing soil water 

content well; DTW on the other hand, according to the same study, is more robust to differences 

in spatial resolution of the DEM.  
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3.4 Simple linear regression analyses of AGRS data on 

topographic indices 
To examine the relationship between the AGRS data and soil water content, simple linear 

regressions were performed between the AGRS data and the DTW-index, and also between the 

AGRS data and the TWI. 

3.4.1 Correlation between the DTW-index and the TWI 

First the question whether it would have been redundant or not to use both topographic indices 

was answered by calculating the spatial correlation between the DTW-index and the TWI in the 

study areas. In all study areas the largest Pearson’s r was obtained when correlating the log-

transformed DTW and log-transformed TWI. The Pearson’s r varied between -0.84 and -0.64 in 

the different study areas (table 1). This shows that some raster maps exhibited a relatively 

strong correlation to each other, while the correlation strength was more moderate in some 

other study areas. Therefore, it was deemed meaningful to also analyze the correlation between 
the AGRS data and both indices. 

3.4.2 Regression of AGRS data on topographic indices 

Initially the γ/DTW-plots did not meet the assumption of linearity, and curve fitting in various 

programs (MATLAB 9.0, IBM SPSS Statistics 23, Microsoft Excel 2010) suggested a non-linear 

relationship. The DTW indices that were calculated had value ranges that were clearly positively 

skewed (see figure 7). Based on this initial inspection, it was decided to logarithmically 

transform the DTW-indices. To use the logarithm of the DTW-index had been done by Murphy et 

al. (2011) who compared log10(DTW) to the TWI for its ability to map a number of soil 

properties. Furthermore, for the TWI, it was in some cases suitable with a log-transformation, 

which was performed in those cases.  

The standardized residuals and the 

standardized predicted values (see Appendix 

A) were plotted to examine the assumption of 

homoscedasticity of errors and statistical 

independence among the variables. Although 

not perfect, a log-transfomred DTW-index 

made the plot more likely to meet the 

assumptions than if the index was not 

transformed (see Appendix A). The assumption 

of normality of the error distribution was 

examined through p-p plots and q-q plots. In 

addition, Kolmogorov-Smirnov tests were 

performed on the standardized residuals, 

which in all cases rejected the null hypotheses, 

i.e. the error distributions were not normally 

distributed (see Appendix for table and plots). 

However, according to the book “Applied 

Linear Regression” by Weisberg (2014), the 

assumption of normality of errors is of small 

importance for regression analysis and mostly 

important for inference using small sample 

sizes. 

 

Figure 7. Left histogram: The distribution of DTW 
values. Right histogram: Same data as in the left 
histogram after a log-transformation. 
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The DTW-index used was based on a 2 m DEM 

and the threshold value was set to 4 ha which 

according to White et al. (2012) emulates end of 

summer flows (SGU conduct the AGRS surveys 

from mid-May to October). The threshold value 

was also based on the result from the pre-study 

in this thesis. Thereafter a focal mean of 90 m 

was calculated from the DTW-index raster (see 

figure 8). For the calculation of the TWI, a 25 m 

DEM was used as input and the TWI was post 

processed using a focal mean of seven cells. The 

setting of the focal means was based on the 

cumulative photon flux for γ-rays of the 

wavelengths in question (see figure 6), and the 

results from the pre-study. The settings were 

kept irrespective of survey height since it in the 

pre-study was shown to not have a large impact 

on the performance of the focal means.  

The AGRS data points used in the analyses were 

only those intersecting with areas classified as 

coniferous forest, mixed forest or deciduous 

forest. In addition, a buffer analysis was used to 

reduce the size of the polygon so that AGRS data 

points used would not be affected to a large 

degree by γ-rays originating from outside the 

forest vegetation classes, which could otherwise 

be the case for AGRS data points located near 

the boundary of a class.  

3.4.3 Evaluation of the regression of AGRS data on topographic indices 

The correlations between the DTW-indices and the AGRS data, and between the TWI and the 

AGRS data, were examined through simple linear regressions using the program IBM SPSS 

Statistics 23. The results of the correlations were presented as an adjusted r2 value. 

Prediction intervals were also plotted for examining the possibility of predicting soil moisture 

regime using individual AGRS data points.  

3.5 Analysing the equality of means for groups based on 

vegetation data 
Vegetation data, sub-classified after soil water content, from the Land Survey of Sweden was the 

basis for groups of γK data which were tested for the equality of means. The vegetation classes 

used were coniferous and deciduous forest, of which the coniferous class constituted the 

majority of the data. Non-equal means may indicate that soil water content has an effect on the 
γK-measurements.  

3.5.1 Data processing 

Five different study areas (figure 5) were chosen based on their abundance of relevant 

vegetation classes. A buffer analysis with a negative distance was used to process the vegetation 

data, which was done for the same reason as was given previously for the simple linear 

Figure 8. The four figures shows the AGRS data 
overlaying the topographic indices in the program 
ArcGIS 10.3.1. The top figures shows the TWI and 
the bottom figures shows the DTW-index. The 
figures on the right hand side shows the 
topographic indices (on the left) after focal means 
have been calculated. 
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regression analyses. Here the vegetation polygons were processed using a buffer with the 

distance set to -30 m. However, as discussed in the section “Source detector geometry”, the 

photon flux detected in an AGRS measurement, at the survey heights in question, stems from a 

larger area than 30 m but there had to be a trade-off since removing too much area from some 

vegetation-classes could make the amount of data points insufficient. 

Three groups were constructed by merging different sub-classes of the coniferous forest and 

deciduous forest classes (see table in Appendix B) based on descriptions of the classes in the 

meta data (Lantmäteriet 2008). However, only two of the study areas, Kalix and Hagfors 2, 

contained enough data in the dry class to incorporate all three groups in the statistical test. 

3.5.2 Statistical test for analyzing the differences between group means 

 To examine whether there was an effect of soil water content on the AGRS data a statistical 

hypotheses test was used to analyze whether the groups had equal means (              

   ). The first analysis done was a Levene’s test (Levene 1960) to examine if the groups met the 

assumption of equal variance. As this was not met in any of the study areas a Welch’s test (Welch 

1951) and a Brown Forsythe’s test (Brown & Forsythe 1974) (not to confuse with the Brown-

Forsythe test for equality of variances) were used to test the null hypothesis that the groups had 

equal means. If rejected, and the study area contained more than two groups, a post hoc Games-

Howell test (Games & Howell 1976) was performed for pairwise comparing which group means 

that differed from each other.  

The statistical hypotheses test discloses whether there is a statistically significant difference 

between the group means, but to examine the magnitude of the difference between two group 

means, the effect size needs to be calculated. For estimation of the effect size a Cohen’s d (ds) test 

(Cohen 1977) could be used, which is defined as: 

   
       

 
  

   
         

           
 

       
 

where    is the standardized mean difference for the sample,      and     is the sample means of 
respective group, and   is the pooled standard deviation. However, Cohen’s d have a positive 

bias, especially for small sample sizes (Hedges 1981; Lakens 2013). Therefore the Hedge’s g (gs), 

which corrects for the bias in Cohen’s d (Hedges 1981), was used for estimating the effect size 

between the groups. Hedge’s g is defined as: 

         
 

          
   

The Hedge’s g, is just as Cohen’s d, based on a standardized difference between two means and 

given in the unit standard deviations. 
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3.6 Simple linear regression of AGRS data on point soil 

moisture measurements 
The correlation between point soil moisture measurements and γK data was assessed in the 

study area Ovanmyra (see figure 5) using a simple linear regression. 

3.6.1 Data processing and evaluation 

The γK data was interpolated to a raster with the cell size 50 m, using the splines interpolation 

method which is recommended by IAEA (2003) for interpolating AGRS data. The settings for the 

splines operation were a tension of 20 and the interpolation was based on 10 data points. 

Thereafter the raster was used in a simple linear regression with the soil moisture data. The soil 

moisture data (Lyon et al. 2010), consisting of average measurements done in the mineral layer 

and averages from the organic layer, was also used in simple linear regressions with the 

topographic indices. Regression analyses was also performed using the γK data and the 

topographic indices. This was done in order to examine possible difference in the performance 
of topographic indices and the γK data when used to predict the soil moisture measurements. 

The topographic indices were here calculated using the same settings as described in the section 

“Regression of AGRS data on topographic indices”. 
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4 Results 

4.1 Pre-study: Examining the effect of topographic index 

calculation settings and usage of focal mean  
Different settings for threshold value, input DEM cell size, and the focal mean were examined. 

The distances set for the focal mean were based on the physical relationships described in the 

methodology section, using values that ranged below, intersected and surpassed what should be 

assumed optimal. This was done for the study areas Kalix and Växjö. The results are presented in 

figure 9. 

 

  

Figure 9. The figure shows adjusted r2 values from the regression between a topographic index and the γK data using 
different focal means. The distance of the focal mean radius is for the indices based on a 2 m DEM: 1 m (no focal mean), 
30 m, 60 m, 90 m, 120 m, 150 m, and 200 m. The distances of the focal mean (using rectangle setting) for the indices 
based on a 25 m DEM is 1 cell (no focal mean), 3 cells, 5 cells, 7 cells, 9 cells, 11 cells, and 13 cells. 

The results indicated that, as expected, not using a focal mean when basing the index on a 2 m 

DEM yields a relatively weak correlation. Moreover, focal mean radii of 62.5, 87.5 and 90 m (62.5 

and 87.5 m is the radii distances for 5 and 7 cells if the cell size is 25 m) yielded the strongest 

correlations for the different indices and settings. The results also indicated that there were no 

clear differences between the study areas due to different nominal fight heights of the AGRS 

surveys (Växjö: 30 m. Kalix: 60 m).  

Regarding the threshold values it is, as mentioned in the methods section, difficult to draw more 

conclusions from these results than that the 4 ha threshold yielded a stronger correlation than a 

1 ha threshold on all occasions. However, it should be mentioned that the lower threshold value 

results in more low-value pixels, i.e., a denser network of streams, and fewer values in the upper 

ranges. Therefore, the distribution of values is more skewed for a DTW-index based on a 1 ha 

threshold than for a 4 ha threshold. On the other hand, both log-transformed DTW-indices 

exhibited a close to normal distribution. Possibly, the DTW-index calculated using a 1 ha 

threshold could provide a better prediction for the AGRS data through a function that is not a 

linear-log model.  
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Furthermore, the results, and also preliminary tests including a TWI where a 2 m DEM was used 

as input, agreed with the findings from Ågren et al. (2014); that soil water content was to a 

lesser degree represented when the TWI was based on 2 m DEM, while a TWI based on 24 m 

DEM yielded a better representation. Also, the regression analyses using DTW-indices based on 

25 m DEM yielded stronger correlations than if the DTW was based on 2 m DEM. 

It should be noted that these results are specific for these areas and more study areas would be 

needed for conclusions that are more general, even though tests and observations from analyses 

done in the other study areas in this project followed the same pattern.  

4.2 Simple linear regression analyses of AGRS data on 

topographic indices 
Simple linear regressions were performed for assessing the possibility of predicting AGRS data 

using a DTW-index or a TWI. The DTW-indices were logarithmically transformed based on 

examination of scatterplots, histograms, assumptions for the errors (independence, 

homoscedasticity, and normal distribution) and the goodness of fit. The transformation in all 

cases resulted in improvements of the aforementioned assumptions and the goodness of fit. 

Examining the same factors for the regression analyses of the TWI and γ-data resulted in the use 

of either a TWI or a log-transformed TWI, although a transformation did not result in any large 

differences. With the α-level set to 0.05 the ANOVA analyses indicated that all regression 

analyses resulted in statistically significant regression equations with p-values < 0.0005.  

The γK data was at all times found to show the strongest correlation to the indices (both DTW 

and TWI), followed by γeTh data, and energies in the γeU window were the least predictable by the 

indices (see table 1). The low correlation to γeU could be related to the occurrence of 222Rn as 

discussed by Grasty (1997). Based on these findings and since the same pattern was observed in 

all other analyses done for this thesis, further analyses and results have a focus on the γK data.   
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Table 1. The adjusted coefficient of determination for the regression analyses of the γ-data and the DTW-index, and the γ-
data and the TWI. In all DTW-analyses the independent variable = ln(DTW). The DTW-indices in this table were 
calculated using a threshold value of 4 ha and post analysis focal mean of 90 m. The TWI used here was based on 25 m 
DEM and post processed by calculating a focal mean of 7 cells. The same settings and focal means were used on the 
rasters correlated against each other in the rightmost column. 

 DTW TWI Slope Ln(DTW) vs. Ln(TWI) 

 Adjusted r2 Adjusted r2 Degrees Pearson’s correlation 
coefficient (r) Study area γeU γK γeTh γeU γK γeTh Average 

Bräcke 0.01 0.24 0.07 0.01 0.27 0.07 6.84 -0,84 

Gävle 0.03 0.22 0.11 0.04 0.25 0.12 3.46 -0.69 

Hagfors 0.02 0.09 0.06 0.02 0.10 0.07 7.41 -0.64 

Kalix 0.13 0.45 0.28 0.13 0.44 0.26 3.83 -0.80 

Krycklan 0.04 0.20 0.11 0.05 0.22 0.12 5.52 -0.80 

Rättvik 0.05 0.21 0.11 0.06 0.25 0.15 4.95 -0.73 

Sollefteå 0.04 0.14 0.05 0.05 0.17 0.06 6.33 -0.82 

Växjö 0.10 0.28 0.18 0.12 0.31 0.21 4.61 -0.64 

 

For the correlation between the γK data and the DTW-index the adjusted r2 varied between 0.09 

and 0.45 with a median of 0.215 (table 1). The analyses of the correlation between the γK data 

and the TWI resulted in adjusted r2 values varying between 0.10 and 0.44 with a median of 0.25 

(table 1). The mean absolute deviation between the r2 values from the regression analyses using 

the DTW-index and the analyses using TWI was 0.008, 0.025, and 0.016, when the dependent 

variable was γeU, γK, and γeTh, respectively. 

In a few cases, there were indications that a logarithmic transformation and linear regression 

was not the best method for modelling the data. In those cases the best fit was an S-function 

using untransformed DTW-index data. However, explorations of non-linear functions were not 

done more than testing the goodness of fit.  

The γK/DTW and γK/TWI plots from the study area Växjö are shown in figure 10, the figure also 

shows plots of the mean γK within intervals of the DTW-index, and mean γK within intervals of 

the TWI. The pattern in the plots in figure 10 was in general consistent for all study areas. For 

the mean-γK/DTW plots and mean-γK/TWI plots, the larger index-values (x-axis), are less 

reliable since there might be few data points within some of those intervals. For plots of all study 

areas, see Appendix A. 
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Figure 10. The top figures show the γK/DTW plot and the γK/TWI plot from study are Växjö, and the bottom figures show 
mean γK data values within intervals of the DTW-index (range of interval = 1) respectively TWI (range of interval = 0.5) 
for the study area Växjö. 

To check for possible confounding factors affecting the relationship between the topographic 

indices and the AGRS data, a multiple linear regression was conducted using the independent 

variables: a log-transformed DTW, altitude and soil depth. For the two former variables simple 

linear regressions was also performed. All the regressions were statistically significant (α-level: 

0.05) and both the standardized beta coefficients of the multiple linear regression and the 

adjusted r2 of the simple linear regressions indicated that ln(DTW) was the strongest predictor 

of the γK data in all study areas. Altitude was the second strongest predictor and soil depth the 

weakest except for in study area Bräcke where soil depth was a stronger predictor than the 

DEM. 

Both soil depth and altitude was found to show very weak correlations to the γK data (adjusted 

r2 < 0.05) except for the altitude data in the study area Kalix for which a regression resulted in 

an adjusted r2-value of 0.28. A regression analysis of the DTW-index data (ln(DTW)) and γK data 

in the same study area resulted in an adjusted r2-value of 0.45. Notable is that the γeTh data 

correlated against altitude in the study area Kalix resulted in an adjusted r2-value of 0.27, and 

when correlated against the DTW-index an adjusted r2-value of 0.28 was obtained.  

Because Kalix was the study area where the AGRS data correlated the strongest with both the 

DTW-index and the TWI, it was here chosen for examining the capability of the DTW-index to 

predict γK, and vice versa (see figure 11). 
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Figure 11. The plots show the prediction intervals in study area Kalix. The solid red line is the fitted equation, the dotted 
red line is the 95 % prediction interval, and the dotted orange line is the 80 % prediction interval. 

The plots in figure 11 shows prediction intervals (α = 0.05 and α = 0.20) for the γK/DTW plot, 

DTW/γK, γK/TWI and for the TWI/γK plot from study area Kalix. These intervals can be 

interpreted as a range within which y is likely to fall, with a specified confidence level, at a 

certain value of x. For example, it can in the top left plot be seen that at a DTW-index value of 1 

and a α-level of 0.05, the γK value is 95 % likely to fall within a range of 0.04 % to 2.05 %. In the 

top right plot, it shows, e.g., that for a γK value of 1 it is, at a α-level of 0.20, 80 % likely that the 

DTW-index value will be between 0.86 m and 4.74 m. 
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4.3 Analysing the equality of means for groups based on 

vegetation data 
The null hypotheses (  ) that there is no difference in γK mean value between the groups based 

on vegetation class and soil water content was tested using statistical hypotheses tests. For all 

study areas the Levene’s tests (α-level: 0.05) indicated that the groups did not exhibit 

homogeneity of variance or were of equal sizes. Therefore, a Welch’s test and Brown-Forsythe 

test was run, which both are robust to unequal variance in the groups. For all study areas both 

tests rejected the   , indicating that two or more group means were statistically significantly 

different from each other. In case of more than two groups included in the analysis a post hoc 

Games-Howell test was run, which in both cases (study area Kalix and Hagfors 2), indicated that 

all groups had means statistically significantly different from each other (see figure 12). With the 

significance level α = 0.05, all comparisons of means and post hoc tests rejected the   , with p < 

0.0005. 

   

  

Figure 12. The boxplots shows the 25th percentile, 50th percentile (median), 75th percentile, and the whiskers located at 
+/–2.7σ or 99.3 percent coverage, for the γK data in the soil water content groups. The indentation in the boxes close to 
the median line shows the standard error of the mean. 

The effect size was assessed by calculating the Hedge’s g, which generally could be defined as the 

difference between two means divided by a pooled standard deviation. 
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Table 2. The table on the left-hand side shows the number of data points, mean (  ) and standard deviation (SD), for both 
all data points in the specific study area (total) and for the different groups. The table on the right-hand side shows the 
standardized effect size (gs) for the group means (   ) compared. The group means are denoted as:      = Dry;     = Dry-
mesic;     = Moist-wet.  

Study area 
Group/ 
Total 

Number of 
data 

points 

   
(γK) 

SD 
(γK) 

 Hedge’s g 

 
    vs.         vs.         vs.     

Bräcke Total 11,289 1.80 0.61  Bräcke 

 Dry-mesic 11,146 1.81 0.60    
1.77 

 Moist-wet 143 0.75 0.64    

Hagfors Total 5,072 2.19 0.55  Hagfors 

 Dry-mesic 5,003 2.21 0.54    
1.57 

 Moist-wet 69 1.36 0.76    

Hagfors 2 Total 23,295 2.14 0.50  Hagfors 2 

 Dry 124 2.54 0.48  

1.26 1.78 1.40  Dry-mesic 22,714 2.15 0.48  

 Moist-wet 457 1.47 0.64  

Kalix Total 21,900 1.89 0.73  Kalix 

 Dry 1850 2.50 0.60  

0.84 3.02 2.04  Dry-mesic 17,184 2.00 0.59  

 Moist-wet 2,866 0.81 0.53  

Strömsund Total 9,881 1.56 0.59  Strömsund 

 Dry-mesic 9,506 1.59 0.58    
1.26 

 Moist-wet 375 0.87 0.49    

 

Table 2 shows that the class ”dry” did not have enough data points to be included in the analyses 

in three out of five study areas. This can also be seen in the right-hand side table where g-values 

only are given in column     vs.     for those areas.  

Notable is that study area Kalix, which showed the strongest correlations in the analysis in 
section 4.2, also here displays the largest effect size (  ) between the dry-mesic and moist-wet 

groups (    vs.    ). It is however difficult to assess the effect size (  ) and translate it to a more 

comprehensible unit when the groups are unequal in numbers as the case is here.  
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4.4 Simple linear regression of γK data on point soil moisture 

measurements 
The one-way ANOVA showed that all regressions were statistically significant at a α-level of 

0.05, although one p-value nearly exceeded that threshold. The total number of measurements 

from the organic soil is 101, and for measurements done in the mineral soil the number is 94.  

Table 3. The table shows the adjusted r2 from the regression analyses between the indices and the soil moisture 
measurements, and also the adjusted r2 from the regression analysis between the indices and γK data over approximately 
the same geographical extent as the soil moisture measurements. The bottom row holds the adjusted r2 from the 
regression analysis between the interpolated γK data and the soil moisture measurements. 

 Adjusted r2 

Index/Data Mineral soil Organic soil γK data 

DTW 0.06 0.03 0.02 

TWI 0.19 0.08 0.14 

γK, interpolated 0.05 0.11 - 

 

The results showed that there were no strong correlations between the interpolated γK data and 

the soil moisture measurements (see table 3). However, there were no strong relationships 

either between the γK data and the topographic indices in the same area. Also, the analyses 

showed that there were no strong correlation between the indices and the soil moisture 

measurements, of which the strongest is between the TWI and measurements taken in the 

mineral soil. This is not necessarily surprising if the lateral water movement can be assumed 

larger in the mineral than in the organic soil and considering the slope component of the TWI. 

On the other hand the gradient was not larger than 0.6 degrees on average in the area (Lyon et 

al. 2010). Moreover, the interpolated γK data showed a stronger correlation to organic soil than 

to the mineral soil which could be explained by the originating depth of the γ-rays reaching the 

detector and the rather deep organic layers in the study area (Lyon et al. 2010). However, 

drawing conclusions from this should be done carefully since both correlations were weak. 
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5 Discussion 

5.1 The relationship between the AGRS data and soil moisture 

5.1.1 In relation to earlier studies 

The findings of this study suggest that AGRS data, foremost from the γK window, from a single 

base-line survey is affected by the spatial variation in soil moisture, albeit this is to a certain 

degree which seems to vary between the different study areas.  

The results from the study are in agreement with previous studies on the effect of soil moisture 

on γ-ray spectrometry data (Grasty 1997; Hyvönen et al. 2003; Dierke & Werban 2013), which 

have shown that γK data correlates, more than γeTh data, with soil moisture content, and that γeU 

not is a reliable predictor of soil water content. Such findings were reported by Hyvönen et al. 

(2003) (γeTh vs. θV: r = -0.29; γK vs. θV: r = -0.70) and Dierke & Werban (2013), who both used 

ground based γ-ray spectrometry methods. However, neither article presents any explanation to 

why γeTh shows a weaker correlation to soil moisture than γK, although Hyvönen et al. (2003) 

hypothesize it might be due to that the γeTh count rate is affected by the fraction of clay content 

in the soil. Moreover, the low correlation between soil moisture content and γeU flux is by Grasty 

(1997) ascribed to the emanation of the 238U daughter product radon (222Rn) which increase 

with soil moisture content. This will diminish the attenuating effect of soil moisture on the γeU 

flux, and can even lead to a relationship of increasing γeU flux with increasing soil moisture 

content (Grasty 1997). 

Moreover, the result from Hyvönen et al. (2003) of how ground based measurements of γK 

correlated with θV (r = -0.70), is quite interesting in comparison to the results from study area 

Kalix, as those locations are comparatively similar in terms of latitude and biome. The results 

from the regression analysis was, adjusted r2 = 0.45 and 0.44 (r = 0.67 and 0.66) for the DTW-

index and TWI, respectively. If looking at the test of equality of means, the effect size (g) 

between the dry-mesic group and the moist-wet group was 2.04, this equates to r = 0.59, and if 

the groups would have been numerously equal, r = 0.73. 

5.1.2 Elaborating on the differences in correlation strength and effect 

size 

As can be seen from the results, there is a large variation between the study areas in how 

strongly the AGRS data correlates with the topographic indices. An explanation to this could be 

that there are differences in degree of topographical control on hydrology in the study areas, and 

following, the topographic indices represents the soil moisture pattern to a varying accuracy in 

the study areas. This may be supported by the fact that the multiple linear regression analyses 

showed that study area Kalix was the only area that showed any considerable correlation (r2 = 

0.28; In all other areas, r2 > 0.10) between altitude and γK-data, and at the same time obtained a 

noticeably stronger correlation between the topographic indices and the γK-data, compared to 

other study areas. The fact that there is neither a strong deviation in slope (see table 1) for Kalix 

compared to the other study areas, and nor any clear overall relationship between correlation 

strength and slope, is not evidence against that topography could explain the differences 

between the study areas. If drawing upon the article by Western et al. (1999), regarding 

“randomness” and “organization” of the spatial hydrological patterns, some study areas may 

exhibit more spatial organization (which is not captured by the slope calculation here) or are 

such that can be represented by the DTW-index and/or the TWI. 
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On the other hand, the study area showing the largest correlation with the topographic indices, 

Kalix, also showed the largest Hedge’s g (g = 2.04) between the dry-mesic and moist-wet classes. 

This in combination with results showing altitude and the topographic indices to correlate 

comparatively much stronger to γ than in other areas (Altitude: r2 = 0.28; DTW: r2 = 0.45; TWI: r2 

= 0.44), indicates that there is a relationship between the AGRS data and soil moisture which is 

more pronounced in Kalix compared to the other study areas. Hence, this may indicate that the 

differences between study areas is due to something else than, or something additional to, 

topography and how it affects the ability of the topographic indices to represent soil moisture 

patterns. 

Another possible explanation could be related to the spatial distribution of radionuclides, e.g., a 

more even distribution would diminish that factor and heighten the importance of soil moisture 

as a variable for explaining the spatial differences in the AGRS data. An uneven distribution 

would be possible if the study area consisted of distinguishable parent materials of different 

geochemical compositions, and hence, differing levels of the radionuclides of interest. This is a 

factor that is important to consider, e.g., in a study conducted in Finnish Lapland (Hyvönen et al. 

2003) the authors stated that the surface drift material differed little in geochemical 

composition and that the main reason for spatial variance in AGRS-γK-data was due to soil 

moisture. This is, however, not transferable information between geographic areas as it might 

depend on local factors such as the parent material of the soil, and, for drift soils, the 

characteristics of the glacial dispersion. To assess this ground truth would probably be needed, 

and such assessment was therefore not considered in this study. Although differences in mean γ 

was observed between areas of different bed rock, it is difficult to know how much that is 

related to other factors such as soil moisture, and how much is due to the parent material. Also, 

the geological map is partly based on the AGRS data. 

Furthermore, spatial variation in soil moisture could be a factor affecting the differences 

between study areas. On the other hand, if that would explain the differences in the results 

between the study areas, such pattern should be distinguishable in the standard deviations of 

the AGRS data, where, e.g., the standard deviation should be larger for areas where the 

correlation of the regression analyses are stronger or the Hedge’s g is larger. A further 

dimension of the spatial pattern of soil moisture is the scale at which it is varying. The spatial 

variation of soil moisture can vary within 100 m2 as much as it varies within the whole 

watershed (Nyberg 1996). If the scale at which the majority of the variation occurs differs 

between the study areas, this could result in differences in the ability to assess relative soil 

moisture using the AGRS data. 

 Yet another explanation for the differences in correlation strength and effect size (g) could be 

spatiotemporal differences in the data; the AGRS data within a study area do, in all those cases 

meta data about survey date are available, consist of flight lines surveyed on different dates. 

Therefore, data from flight lines within a study area might be affected differently by 

precipitation and evaporation (this is discussed more in depth in the section Limitation of 

method).  

None of these explanations given above to why the results differ relatively largely between 

different study areas are mutually exclusive to each other, and some of these factors are of 

course also likely main factors that contribute to abate the ability to predict soil moisture using 

AGRS data from a one-off survey. 

Moreover, although there is a large variation in correlation strength as discussed in the passages 

above, the mean absolute deviation of the adjusted coefficient of determination (r2) values 

between the results from the AGRS data vs. DTW-index regressions and the AGRS data vs. TWI 
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regressions is small (0.008, 0.025, and 0.016 for γeU, γK, and γeTh, respectively)  (see table 1). 

These results are not understood since the correlations between the DTW-map and TWI-map 

(Ln(DTW) vs. Ln(TWI)) are moderate to moderate-strong in the study areas (see table 1). Nor 

are the results showing that the correlation strength between the DTW-map and the TWI-map 

affects the mean absolute deviation between the r2-vaules obtained from the two different 

regression analyses (Ln(DTW) vs. γ, and Ln(TWI) vs. γ). 

5.1.3 Correlating AGRS data with the topographic indices  

Regarding the γ/DTW-plots (see Appendix A) and what appears to be a logarithmic relationship 

might seem inconsistent with what is presented in figure 1b (for comparison the x-axis of figure 

1b should be flipped). The figure suggests that a decrease of γ with increasing saturation level in 

an organo-mineral soil should result in something between a linear relationship and a 

relationship of exponential decay. However, this inconsistency might be explained by that soil 

moisture may not correlate linearly neither with distance to the water table, and nor with the 

DTW-index. It has been shown that soil moisture is more affected by the distance to the 

groundwater table when the water table is relatively high (Price 1997; Beldring et al. 1999). This 

also possibly hold true for the DTW-index since DTW-values < 5 m has been shown to 

correspond to soil wetness conditions from hydric up to submesic (Oltean et al. 2016) (for 

comparison, in many study areas in this project the DTW-index comprise values up to above 60 

m). Take notice that in most of the literature reviewed for this thesis involving the DTW-index it 

is used for mapping wet areas, not estimating the actual depth to the ground water table or 

estimating soil moisture. Also, due to how it is calculated, it is likely that the DTW-index 

overestimates the distance to the water table in areas where the largest DTW-values are 

acquired, and uncertainties will stem from other factors affecting the water table depth in 

upland areas (Murphy et al. 2007). Furthermore, it should be noted that the values given from 

the paper by Oltean et al. (2016) is of course location-dependent and will vary with the 

threshold which defines the stream channels, but are not likely to vary enough to make this 

reasoning invalid. Finally, the γ-flux recorded as AGRS data stems from the top decimetres of the 

soil (figure 1a). This means that the zone contributing the major part to the AGRS-measurements 

can overlap with the water table, while in other areas that zone and the water table can be 

separated by several meters.  

Considering the factors mentioned in the passage above, a relationship is not unlikely where, 

generally speaking, soil moisture gradually changes at a slower rate with increasing DTW-values 

until it levels out (in this study most often after around DTW-values of 5 to 15 m). After that 

point, either factors that are not captured by the DTW-index might control soil moisture, or the 

spatial variation of soil moisture in the top decimetres is low among areas coinciding with larger 

DTW-index values. Moreover, in the light of the discussion in the previous passage, the γ/TWI-

plots seems to a larger degree suggest a linear, and at times semi-linear/exponentially decaying, 

relationship between the TWI and soil moisture in the top decimetres of the soil, compared to 

how the DTW-index correlates with soil moisture in this study. This relationship between the 

TWI and soil moisture is in accordance with θV/TWI-plots from other studies (Nyberg 1996; 

Western et al. 1999; Tague et al. 2010). 
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5.2 Limitations of method 

5.2.1 Topographic indices 

As discussed in the background section both the DTW-index and the TWI are problematic since 

the correlation with soil moisture not only is limited, but also tend to vary both spatially and 

temporally. This presents a large problem but as earlier mentioned the results could be 

somewhat validated by a results from an analysis not using proxy data which does not build on 

topography. Moreover, it should be mentioned that the calculation of the topographic indices 

may be done in different ways which will affect the output. For example, both the DTW-index 

and the TWI was calculated in the program ArcGIS 10.3.1, which for its flow direction tool only 

offer the algorithm D8 which direct the whole flow into the neighbouring cell with the steepest 

descent. In reality the flow will probably follow a more complex pattern, and multiple flow 

direction algorithms have been shown to perform better (Kopecký & Cízková 2010). On the 

other hand, the differences were not too large, and how this would have been affected by the 

DEM resolution and focal mean analysis was unknown. Therefore the flow direction tool in 

ArcGIS, and hence the D8 algorithm, was kept. 

Also, for the DTW-index the threshold can be set at different levels which optimal setting has 

been shown to vary with landscape characteristics (Murphy et al. 2011; Ågren et al. 2014; Oltean 

et al. 2016), but it was decided to keep the threshold at 4 ha for all analyses. Furthermore, the 

focal mean calculated in this study gave all pixels an equal weight irrespective of the distance 

between the pixel and the sampling location. For a more precise representation of the 

cumulative photon flux, an algorithm could have been used, which would take into account the 

distance between a pixel and the sampling location/detector and how that affects the linear 

attenuation coefficient in air and soil. 

5.2.2 Land cover data classified after vegetation and soil water content 

For this study the land cover data may be the most suitable that could be found as a proxy for 

soil moisture, both due to its spatial coverage and because the accuracy of the data has been 

confirmed in field studies (Lantmäteriet 2009). Another positive feature is that the classes used 

for soil water content are standards within Swedish forestry, which facilitates the assessment of 

the AGRS data for soil moisture estimation and forestry application. 

However, there are also some less optimal circumstances regarding the use of these data in an 

equality of means test. One such is that the data consists of adjacent geographic entities classed 

into different groups based on soil water content and vegetation types, while in reality there 

might not be a distinct border between those, but a transition zone gradually changing from one 

to the other type (Lantmäteriet 2009). This will cause the classes to represent increased 

variation in soil water content in addition to the variation already existing within environments 
that are more stereotypical for the class. Furthermore, this means that a continuous 

phenomenon will be treated as a discrete phenomenon. This presents a situation almost similar 

to when a continuous independent variable is split into two groups to facilitate an equality of 

means test. This is known as dichotomization, or median split if dividing the groups at the 

median, which can cause a relatively large reduction in effect size (Cohen 1983; Maccallum et al. 

2002). Therefore, the effect sizes acquired in this study should be interpreted with care as the 

effect sizes likely are larger in reality.  

Another feature of the data, which makes the interpretation of the effect sizes more difficult, is 

the large differences in number of samples between the groups. An equal number of samples in 

the groups would facilitate the comparison between the groups so that it, e.g., would be possible 

to say that a certain percentage of group A is exceeded by the mean of group B (Cohen’s U3 



Åke Magnusson 

 

30 
 

(Cohen 1977)), or how large the overlap of the two distributions is. Furthermore, r or r2 can be 

calculated from Hedge’s g (or Cohen’s d), however, those values will be affected by the 

proportion of samples in group A compared to group B (Cohen 1977). For example using the 

formula from Cohen et al. (1977) the effect size (g) between the dry-mesic and moist-wet groups 

in study area Bräcke is equal to an r of 0.19, while equally numerous groups would give an r of 

0.66. So, if a numerously equal, and statistically significant, amount of samples was drawn from 

both classes the r value would be 0.66, but if all γK data points in the study area would be used to 

predict the two classes, the r would be 0.19.  

5.2.3 Other method implications 

There are a few other factors that affect the quality of the method, one such is the data used for 

identifying forested areas. The land cover data used here was from the Land Survey of Sweden 

who regularly updates these data. This can be problematic as the age of the AGRS data used in 

this study is up to just under 40 years old, which means that the land cover may have changed 

substantially during that period. On the other hand, it is not clear how much a typical Swedish 

forest plantation reduces an AGRS measurement, although it likely depends on the biomass 

present (see background section: Interaction of γ-radiation with materials encountered in AGRS). 

It would probably have been possible to find older land cover data and aerial photographs, but 

such procedure was not considered a viable option considering the time limits of the study.  

Another error source might be that the dates of the survey-flight lines within one study area 

could differ and sometimes by several days. Unfortunately exact survey date was only possible 

to get hold of for three of the study areas (Hagfors, Kalix and Strömsund). However, from those 

available it is clear that the time in between the surveys are not large enough to suspect seasonal 

differences affecting the data, but occurrence of precipitation might do. Historic precipitation 

data from the Swedish Meteorological and Hydrological Institute (SMHI) showed that in some 
cases weather stations in the vicinity of the study areas have recorded precipitation on the same 

day as a survey has been conducted. It is, however, just from a quick overview difficult to say 

whether these precipitation patterns have been a factor causing the relative differences in 

results between the study areas Hagfors, Kalix and Strömsund.  

Finally, there are also issues related to the source-detector geometry, which are not accounted 

for in this study. For example, the survey height of the aeroplane might deviate from the nominal 

flight height as a result of local terrain fluctuations, or the flight line might be located along a 

ridge or a small valley. This means that the distance the γ-rays are travelling through the air 

might differ between measurements, and hence, the γ-ray flux will potentially be attenuated at 

different rates. There have been methods developed for correcting the AGRS data for 

geometrical differences (Minty & Brodie 2015), but those were not applied in this study. 
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6 Concluding remarks on using AGRS data for soil 

moisture estimation and application in forestry 

6.1 Scale 
If considering at which scale the AGRS data would be feasible as a proxy for soil water content, 

the contributing area and the spacing of the data is a good start. The spacing is between 16 and 

40 meters along, and 200 meters between the flight lines (that is normally according to SGU; 

exceptions occur, the spacing of the flight lines in study area Strömsund is 400 m). This means 

that on a landscape level the γ-ray flux closer to the flight lines will have a larger impact on the 

data. Also, a smaller spacing cannot without consideration be interpreted as increased 

resolution the same way as the pixel size of an optical remote sensing measurement for which 

the instantaneous field of view and altitude is determinant. For AGRS the linear attenuation 

coefficient for materials between the source and the detector, and survey flight height is the 

most important factors. If also considering the contributing area of an AGRS measurement, it is 

likely that the AGRS data will not be able to capture variation in soil moisture occurring within a 

hillslope or smaller catchment (i.e., about 1 ha). This is also supported by the regression analysis 

between the AGRS data and the soil moisture measurements, although a larger study, including 

more study areas, would probably have been needed for drawing any conclusions from those 

results. 

Furthermore, contrary to the regression analysis of AGRS data vs. soil moisture measurements, 

the results from the regression analyses including the topographic indices, and the equality of 
means test, although not resulting in any strong correlations or effect sizes, disclosed that there 

was a relationship between the AGRS data and soil moisture. This points to that the AGRS data, 

as expected, work better for soil moisture prediction on an intermediate scale than for smaller 

areas or point measurements. In forestry this could mean estimating the relative average soil 

water content within a forest stand or a small catchment. 

6.2 Practical significance and possible forestry application 
The results from all analyses conducted in this study indicated that the relationships were 

statistically significant, but are they practically significant? That is a question which is hard to 

answer from the analyses in this study, as it here needs to be considered with regard to 

deficiencies in the data described in the section “Limitation of method”. Also, it should be 

considered what the purpose of the soil water content estimation is and how accurate the 

predictions need to be for being considered acceptable. Moreover, the results suggest that the 

accuracy varies between the study areas, although it is not known what causes these variations. 

When evaluating the applicability of the AGRS data, it is important to understand to what degree 

these differences depend on the data used as soil moisture proxies. That is, since the differences 

between the study areas in ability to predict real soil moisture using the AGRS data might not be 

as large as it is suggested by the regression analyses of the AGRS data on the topographic 

indices. In this study, the equality of means test suggest that there are differences not related to 

the topographic indices, but it is from the results difficult to determine the magnitude of those. 

One way to answer the question about practical significance is by looking at the prediction 

intervals in the DTW/γK plot. If looking at the DTW/γK plot of study area Kalix it can, for 

example, be concluded that a γK value of 0.5 has a probability (α = 0.2) of 90 % to be found 

where the DTW-index is ≤ 3.05 m. This could be a possible way of applying the AGRS data for 

indicating wet areas. For example, in Swedish forestry the DTW-index threshold 1 m, with an 

initiation threshold of 1 ha (instead of the 4 ha, which is used in the analyses of this study), is 
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usually used for mapping wet areas (Friberg & Bergkvist 2016). If applying these settings in 

study area Kalix, and using a 60 % prediction interval (α = 0.4) it shows that a γK value of 0.22 

has a probability of 80 % to be found where the DTW-index is ≤ 1 m. There are 138 γK records ≤ 

0.22 out of a total 7019 in the study area, and there are 2189 data points located where DWT-

index ≤ 1 m. So, this means that, if accepting a probability of 80 %, a γK threshold of 0.22 could be 

used to indicate areas where the DTW-index ≤ 1 m, although this would only be 6.3 % of the 

total amount of data points located where the DTW-index ≤ 1 m. Finally, an important caveat 

and reminder here is that, although the DTW-index values of ≤ 1 m has been shown to coincide 

with wet areas at an accuracy of 68 % (Bergkvist et al. 2014), the relationship in this area 

between soil moisture and the DTW-index is not known. 

If then considering what forestry related activities this could be used for, and weighing in what 

was discussed in the passage above and in the previous section (Scale), it is likely that the AGRS 

data is more suitable as a predictor of soil moisture on an intermediate scale. This means that 

measuring the soil moisture within a logging area might be difficult, instead the data might be 

more useful for averaging soil moisture between logging areas. Another forestry related activity 

for which soil moisture data on an intermediate scale could be applied is site suitability 

assessments for tree species with different preferences regarding water availability. This was 

examined by Hyvönen et al. (2003) who concluded that AGRS data in the γK-channel could be 

useful for delineating suitable areas for Scots pine. Yet another possible application of the AGRS 

data could be to detect “cryptic wet lands”, which according to Creed et al. (2003) is defined as: 

forested swamps beneath the tree canopies which do not exhibit a, for wet lands, characteristic 

canopy species composition or other features related to the forest structure, which make them 

difficult to detect using aerial photography or satellite images. Furthermore, this study has 

shown that individual data points might hold information that could indicate wet areas or wet 

lands, although for such application the AGRS data would probably not stand on its own but be 

used as ancillary data in a model. Although, it is uncertain whether such data would contribute 

with additional information or if such already exists within other data sources.   

6.3 Suggestions for future research 
An interesting feature of the regression analyses including the DTW-index is the levelling out of 

the increase of γ with DTW-index values which occurs after around DTW-index values of 5 to 15. 

AGRS data points spatially coinciding with larger DTW-index values than those may be 

measurements less affected by soil moisture. Therefore, if there is a need for correcting the 

AGRS data for soil moisture, the DTW-index could be assessed for its feasibility as a tool for such 

purpose. 

Further research on the possibility of estimating soil moisture regimes using data from a one-off 

AGRS survey would also be interesting, particularly such that use AGRS data from surveys 

conducted specifically with the purpose of soil moisture estimation. Also, using data based on 

more accurate methods as soil moisture proxies would improve this type of study. 
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Appendix A. Regression of AGRS data on 

topographic indices 

 

Statistics on the AGRS data used in the regression of AGRS data on 

topographic indices analyses. 

 

Study 
area 

γeTh (ppm) γK (%) γeU (ppm) Study area statistics 

   SD    SD    SD Extent (km
2
) Data points Survey year 

Bräcke 5.94 2.79 1.71 0.64 1.84 0.97 111.1 11,157 1977 & 78 

Gävle
 

10.20 5.17 1.70 0.67 2.89 1.89 212.7 21,421 1997 

Hagfors 7.23 3.09 2.15 0.59 2.01 1.15 41.6 9,866 2005 
Kalix 5.85 3.23 1.75 0.70 1.26 0.70 150.2 7,019 2010 
Krycklan 5.69 3.13 1.70 0.74 1.50 1.23 241.6 23,033 1975 

Rättvik 10.39 5.30 1.83 0.70 2.26 1.29 24.5 2,595 1995 

Sollefteå 6.68 3.98 1.85 0.56 2.80 1.12 185.7 19,463 1988 
Växjö 6.29 2.88 1.56 0.58 1.70 1.07 156 13,483 1981 

 

Statistics on the topographic indices used in the regression of AGRS data 

on topographic indices analyses. 

 

Study 
area 

DTW-index TWI 
Ln(DTW) vs. Ln(TWI) 

(Pearson’s r) 
Min Max    SD Min Max    SD 

No focal 
mean 

With focal 
mean 

Bräcke 0 51.86 7.14 6.66 4.38 23.02 8.15 2.77 - 0.63 - 0,84 

Gävle
 

0 18.46 2.55 2.31 5.41 22.47 9.49 3.16 - 0.46 - 0.69 

Hagfors 0 64.76 6.59 6.63 4.12 23.32 8.16 2.95 - 0.35 - 0.64 

Kalix 0 51.92 4.37 4.86 4.92 23.16 8.84 2.97 - 0.63 - 0.80 

Krycklan 0 71.40 5.76 6.94 4.17 22.52 8.18 2.23 - 0.58 - 0.80 

Rättvik 0.01 30.18 4.13 3.50 5.06 16.60 7.93 0.97 - 0.26 - 0.73 

Sollefteå 0 76.57 6.75 7.26 4.36 23.97 7.89 2.19 - 0.52 - 0.82 
Växjö 0 44.21 4.71 4.95 4.60 24.13 8.91 3.50 - 0.37 - 0.64 
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The γK/DTW plot before (left) and after a logarithmic transformation of 

the DTW-index (right).  

 

 

Figure 6. Left plot: Scatter plot of the K data and DTW data. Right plot: Scatter plot of the K data and log-transformed 
DTW data. 

 

Residuals plots before (left) and after a logarithmic transformation of 

the DTW-index (right). 

 

 

Figure 7. The residuals on the y-axis is plotted with the DTW-index on the x-axis. In the right hand figure the DTW-index 
has been logarithmically transformed. 
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The γK/DTW and γK/TWI plots. 
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Mean-γK within intervals of the DTW index, and mean-γK within 

intervals of the TWI. 
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Appendix B. Testing the equality of means for γK 

groups based on vegetation data 

 

The original classes of the vegetation data was merged into three new 

classes based on soil water content. 

 

Vegetation classes New 
classes 

Coniferous on lichen ground Dry 
Coniferous on brushwood/lichen ground Dry 
Coniferous dry-mesic Dry-mesic 
Broadleaf dry-mesic Dry-mesic 
Coniferous moist Moist-wet 
Broadleaf moist Moist-wet 
Coniferous moist-wet Moist-wet 
Broadleaf moist-wet Moist-wet 
Coniferous wet Moist-wet 
Broadleaf wet Moist-wet 
Coniferous mire Moist-wet 
Broadleaf mire Moist-wet 
 

Statistics of the AGRS data, and the age of the aerial photographs which 

the vegetation data is based on.  

 

Study area 
γeTh (ppm) γK (%) γeU (ppm) Age of the aerial photo-

graphs which the vege-
tation data is based on 

Year of AGRS 
survey    SD    SD    SD 

Bräcke 6.39 2.80 1.80 0.61 1.99 1.01 1980 - 1998 1977 & 1978 
Hagfors

 
7.16 3.03 2.19 0.55 1.99 1.13 1995 - 2002 2005 

Hagfors 2 6.27 2.49 2.14 0.50 1.75 0.88 1995 - 2002 1982  
Kalix 6.50 3.76 1.89 0.73 1.36 0.76 1978 - 1991 2010 
Strömsund 5.27 2.17 1.56 0.59 1.77 0.95 1980 - 1998 1983 & 2006 
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